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Background. The efficacy of surgical ventricular recon-
truction (SVR) for ischemic cardiomyopathy has never
een truly quantified. Methods to assess ventricular flow
ave not been applied to these patients. The objective is

o develop a volume-independent technique for assess-
ng the effects of ischemic remodeling and SVR on left
entricular blood flow dynamics.
Methods. Cardiac magnetic resonance images from a

ealthy volunteer and from a patient before and after
VR were segmented and transformed to generate a grid
odel of the heart by generating numeric grids and

unning third-order approximations to achieve 850 grid
mages per cardiac cycle. These grids formed the skeletal
tructure of our patient-specific time-dependent ventric-
lar geometry model, the Karlsruhe Heart Model, used
or modeling fluid dynamics. We modeled flow, ejection
raction, and blood washout from the ventricle. The
odel was validated using a silicone ventricle and mock

irculation.
Results. In the healthy heart and before SVR, ejection
ractions were 0.61 and 0.15 and left ventricular volumes

v
t
u
D
p
a
e
t
t
w
u
b
c
c
a
s
v
f

niversity of Leipzig, Heart Center Leipzig, Strümpellstr 39, Leipzig,
4289, Germany; e-mail: torsten.doenst@med.uni-leipzig.de.

2009 by The Society of Thoracic Surgeons
ublished by Elsevier Inc

ats.ctsnetjournalsDownloaded from 
ere 166 mL and 175 mL, respectively. Surgical ventric-
lar reconstruction decreased left ventricular volume by
ne fourth. Postoperative ejection fraction was 0.18 in the
atient. Post-SVR shape was more spherical than preop-
ratively and also more spherical than the healthy heart.
entricular flow patterns in the patient were significantly

ltered by SVR. However, fluid washout from the ven-
ricle was similar before and after SVR but worse than in
he healthy heart.

Conclusions. Fluid dynamic modeling of the heart is
ossible based on cardiac magnetic resonance imaging
ata and enables volume-independent quantitative as-
essment of the surgical procedure. In the future, preop-
rative modeling for patients with remodeled ventricles
ay help to achieve optimized post-SVR flow character-

stics and potentially outcomes.

(Ann Thorac Surg 2009;87:1187–95)

© 2009 by The Society of Thoracic Surgeons
he available options to treat patients with ischemic
heart disease have undergone a tremendous devel-

pment in recent years but they have not stopped the
roblem from growing. It is therefore necessary to use
ew strategies to improve the understanding of basic
echanisms as well as treatment options. We have used

For related article, see page 993

uch a potential strategy by combining routine clinical
iagnostic tools (magnetic resonance imaging) with a

heoretical tool for fluid dynamic modeling to investigate
he effects of a surgical strategy to treat patients with
schemic heart disease.

ccepted for publication Jan 6, 2009.

ddress correspondence to Dr Doenst, Department of Cardiac Surgery,
Patients with ischemic heart disease frequently de-
elop aneurysms or dilation of the ventricle in response
o a regional infarct (remodeling) [1, 2]. Surgical ventric-
lar reconstruction (SVR) or other modifications of the
or procedure [3] have been advocated and used to treat
atients with aneurysms or large akinetic anterior walls
nd dilated ventricles. The results seem convincing as
vident by several reports on the short-term and long-
erm outcomes of this type of surgery [3–5]. Yet, despite
he plethora of data already available, crucial aspects
ith respect to the efficacy of this procedure are still
nanswered. A question that has stimulated heated de-
ates is the optimal shape and size of the ventricle that is
reated by the reconstruction procedure. Buckberg and
olleagues [6, 7] endorsed the concept that the creation of
football shape (ie, an elliptical ventricle with a cone-

haped apex) rather than a basketball shape (round
entricle without true apex) may provide the best base

or optimal hemodynamics. The current controversy is

0003-4975/09/$36.00
doi:10.1016/j.athoracsur.2009.01.036
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ifficult to solve as none of the diagnostic techniques
pplied so far has been able to truly quantify the effect of
he procedure, either from a prognostic or from a hemo-
ynamic point of view.
The goal of this study was to develop a volume-

ndependent quantitative technique to assess ventricular
ow dynamics based on fluid dynamic modeling and test

he applicability of this methods to patients with isch-
mic remodeling and surgical ventricular reconstruction.
n prototypical fashion, we used cardiac magnetic reso-
ance imaging (CMR) data of a healthy human heart as

nput for the numeric model to simulate the blood flow
hrough the heart. Two additional data sets from a
atient with ischemic cardiomyopathy before and after
VR were also generated and analyzed in the model.
ecause this is the first effort to use this technique, we
hose one patient and a healthy volunteer for this elab-
rate, time-consuming modeling process to establish a
proof of principle.” We demonstrate that fluid dynamics
an quantitatively be assessed by our method and that it
s applicable in patients undergoing SVR.

aterial and Methods

uman Subjects
ne healthy volunteer and one patient were included in

his investigation. The patient had ischemic cardiomyop-
thy and received coronary artery bypass graft surgery
nd SVR as indicated by the referring cardiologist and
he surgeon and as randomized in the STICH trial [8].
ardiac magnetic resonance imaging was obtained once

n the healthy volunteer. In the patient, CMR was ob-
ained before and 1 week after surgery. The patient
eceived routine preoperative and postoperative care,
nd the CMR tests were performed in conjunction with
he STICH trial. Both individuals agreed to participate in
he study. The ethics board of the University of Freiburg
pproved the study, and the study conforms with the
eclaration of Helsinki.

agnetic Resonance Imaging and Echocardiography
ata acquisition was gated to the cardiac cycle and

ime-resolved (CINE) anatomic images were collected to
epict the dynamics of myocardial motion during the
ardiac cycle. To accomplish this task the measurement
ad to be repeated over a number of electrocardio-
raphic cycles to gain a sequence of images representing
ifferent time frames of cardiac motion. All studies were
arried out on a Siemens Sonata 1.5-T system (Siemens

edical Solutions, Erlangen, Germany; gradient perfor-
ance: 40 mT/m in 200 �s) using an eight-element

hased-array body coil. All measurements were per-
ormed with a retrospectively cardiac-gated balanced
adio-frequency–spoiled gradient echocardiographic se-
uence with echo time/repetition time (TE/TR) � 2./3.4
s and a bandwidth of 450 Hz/pixel. The flip angle was

et to 15°. With nine echocardiograms acquired per
ardiac frame and a data matrix of 126 � 192 (325 � 400

m field of view; pixel size 2.6 � 2.1 mm), a temporal o

ats.ctsnetjournalsDownloaded from 
esolution of 30.6 ms was achieved. Images were ac-
uired in a short-axis orientation with a slice thickness of
mm.
Echocardiography with Doppler tracings were ob-

ained from the patient as part of the routine preopera-
ive and postoperative workup or additionally in the
ealthy volunteer to obtain model-relevant information
n valve opening (see heart valve model below for
etails).

arlsruhe Heart Model
he KaHMo (Karlsruhe Heart Model) [9–11] is a patient-
pecific numeric model of the human heart. It was
eveloped to potentially aid the diagnosis and therapy of
uman heart diseases. Within the model, the heart is
ivided into an active and a passive part. The active part
onsists of the left and right ventricles as well as the left
nd right atria. Their movements were obtained from the
egmentation data of the magnetic resonance studies and
rescribed in the simulation. The passive part of the
eart consists of the aorta, the venae cavae, and the
ulmonary artery. This information was also obtained

rom magnetic resonance images. The information for
he cardiac valves was obtained from echocardiographic
oppler images (see above). Figure 1A shows the sketch

ig 1. Schematic drawing of the Karlsruhe Heart Model (KaHMo; A)
nd the numeric grids obtained based on cardiac magnetic resonance
maging on a healthy volunteer (B). See Methods for description of grid
eneration.
f the KaHMo. The segmentation of the CMR data was
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erformed by a semiautomatic live wire method pro-
ided by the Fraunhofer Institute for Applied Informa-
ion Technologie (FIT) [12] that determines the endocar-
ium contour in each magnetic resonance imaging slice.
rom these slices the inner surface of the ventricle can be
emodeled for grid generation.

rid Generation and Movement
he presented numeric model of the human heart is a
rescribed geometry model using a moving grid with-
ut modification of the grid topology. It is built for each
rigger step from the CMR using a semiautomatic grid
eneration technique as follows: a tubelike base grid is
rojected onto the segmented surface resulting in

dentical vertex distributions adapted to the individual
eometry. The fluid space of the ventricle is covered

ig 2. Schematic illustrations of the basic principles of blood viscosity
sed for the modeling process. See Methods for details. (ascen � asce
ith hexagonal cells arranged in two O-grids for the w

ats.ctsnetjournalsDownloaded from 
nlet and outlet tracts, which are combined and reach
he ventricular apex. Figure 1B shows a representative
rid from the numeric model of the healthy heart.
rom grid-dependency studies, 105 cells are sufficient
o capture the global flow structures. For numeric
easons it is important to keep the Courant number
lose to unity. With the actual temporal resolution of
he magnetic resonance imaging, this cannot be en-
ured. Thus, out of the existing grids intermediate
rids had to be calculated. For this issue a twice
ifferentiable third-order Bezier-Spline approximation
ethod for every node of the grid was used, and 50

dditional grids are approximated between two adja-
ent grids obtained from the CMR data segmentation.
hus, a total of 650 to 850 grids per data set (for one
ardiac cycle) were used for fluid dynamic modeling

heart valve opening (B), and whole body circulation (C) as they are
; descend � descendent; le � left; ri � right; VC � venae carae.)
(A),
ith KaHMo.
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lood Model
ecause of its composition of blood plasma and deform-
ble blood corpuscles, the rheologic behavior of blood
an be described as a mainly pseudoplastic, thixotropic
uspension with Newtonian behavior for low and high
hear rates and a shear-thinning behavior. Figure 2A
llustrates the dependence of the viscosity (�eff) of the
lood on the shear rate. The model used for the numeric
alculations of the pulsing blood flow was based on the
ross model with modifications by Perktold and associ-
tes [13]. For a three-dimensional flow the viscosity-shear
elation is as follows:

�IId
� ��

�0 � ��

�
1

�1 � �2 · � · �IID �b�a

he constants �0 � 0.1315 Pa · s and ��� 0.03 Pa · s
escribe the asymptotic viscosity for low and high shear
ates, respectively. IIDis the second invariant of the shear
ate tensor. The time constant � � 0.5 s and the model
onstants a � 0.3 and b � 1.7 are adapted from the
xperiments of Liepsch and colleagues [14].

odel of Heart Valves
o simulate the whole cardiac cycle, valve function has to
e implemented into the numeric model. The valves are
epresented by a two-dimensional annular planar model.
nto this plane, an opening area, derived from echocar-
iographic Doppler scans, is projected. Numerically, the
alves are represented by a temporally and spatially
ariable pressure drop, realized by so-called baffle

ig 3. Comparison of simulated and directly visualized flow in a
ock left ventricle and circulation model with flow patterns modeled

sing Karlsruhe Heart Model in the diastolic (upper panel) and sys-

volic phase (lower panel).

ats.ctsnetjournalsDownloaded from 
oundary conditions. The pressure drop was varied from
nfinite (closed valve area) to zero (open valve area). An
ntermediate pressure drop was defined for the border of
he opening area, to smooth the resulting jet profile in the
ame way as the three-dimensional valve geometry does.
igure 2B shows the opening process of the valve model
ver four time steps, with the infinite (black), the zero
white), and the intermediate (gray) pressure drop areas.
y adaptation of the intermediate pressure drop coeffi-
ient, the evolving jet can be adjusted to profiles mea-
ured in echocardiographic or magnetic resonance flux
easurements. In the current version of this model, valve

egurgitation is not included, because neither of the
ndividuals suffered from noteworthy degrees of regur-
itation across the aortic or mitral valves.

irculation Model
oundary conditions are necessary to obtain reliable
esults for simulations of the human heart. To allocate
hese boundary conditions a model of the human circu-
ation system is used [15]. The assignment of this KaHMo
irculation model is to provide pressure boundary con-
itions at the venae cavae superior and inferior and at the
ulmonary artery (for the right ventricle) as well as at the

eft atrium and the aorta (for the left ventricle). Figure 2C
hows the KaHMo circulation model, which is based on
he arterial body circulation model of Naujokat and
iencke [16] and the model of Avolio [17]. The model
ivides the human circulatory system into elastic pipe
egments. The solution of the Navier-Stokes equation for
he elastic pipe flow in each segment is found by associ-
ting the electric resistance, inductivity, and capacity
ith the physical properties of the arterial and venous
ranching and the rheologic properties of blood. The flow
elocity v and the pressure p correspond to the electrical
urrent strength and voltage, respectively. The following
ifferential equations are solved for every elastic pipe
egment:

pi�1 � pi �
9 · � · l

4 · �2 ·
dvi

dt
�

8 · �eff · l

� · r4 · vi � L ·
dvi

dt
� R · vi

vi � vi�1 �
3 · � · r3 · l

2 · E · d
·
dpi

dt
� C ·

dpi

dt
,

ith the electric resistance R, the inductivity L, and the
apacity C. E is the Young’s elastic modulus of the pipe
egment, 1 is the pipe length, r is the pipe radius, d is
he wall thickness of the pipe segment, � is the density
f the blood, and �eff is the blood viscosity.

alidation of Karlsruhe Heart Model
o validate the flow simulation by KaHMo a basic sili-
one model of a left ventricle was generated and
quipped with two tissue valves (in aortic and mitral
ositions). The inflows and outflows were connected by a
exible tube (simulating the windkessel of the aorta) to
reate a closed circuit, which was filled with fluid con-
aining glass spheres. This mock-left ventricle was placed
n a water-filled chamber that was connected to the

entricular pumping device of a ventricular assist system
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Medos, Aachen, Germany) to simulate the volume
hanges in the mock ventricle as they occur during
ystole and diastole. Using a laser beam to illuminate the
rystal beads inside the mock ventricle and a high-speed
amera capturing the reflection of the laser light from the
lass beads, it is possible to generate images of ventric-
lar shape. The images were fed into KaHMo to simulate
ow as well as directly measuring fluid vectors allowing
irect flow illustration. Figure 3 shows the comparison of
imulated and directly measured flow in a validation
xperiment in the diastolic (A) and systolic (B) phases.
he illustration of flow through the mock ventricle shows
high degree of similarity between experiment and

imulation, underscoring the validity of the KaHMo flow
imulations [11].

urgical Ventricular Reconstruction
reoperative and postoperative care of the patient was
erformed in standard fashion. The patient was a partic-

pant of the STICH trial with ischemic cardiomyopathy
nd significant dilatation of the left ventricle and anterior
all akinesis. She had an indication for surgical revascu-

arization and was randomized to coronary artery bypass
raft surgery combined with SVR of the left ventricle.
he procedures were performed with the patient con-
ected to cardiopulmonary bypass and the heart arrested
ith cold blood cardioplegia. For the reconstruction
rocedure, no sizer, shaper, or patch was used. The
atient had triple-vessel disease and received one arte-
ial and one saphenous vein graft bypass. After place-
ent of the bypass grafts, the anterior wall was incised,

nd the transitional zone between infarcted and viable
yocardium was identified. A Fontan purse-string su-

ure was placed and tied, and the remaining opening was
losed with three overlapping felt-reinforced Prolene
Ethicon, Somerville, NJ) sutures in a 120-degree angle.
he excluded scar tissue was oversewn with a felt-
einforced running 2-0 Prolene (Ethicon) suture. At the
nd of the procedure, the aortic cross-clamp was re-
oved. After adequate reperfusion, the patient was
eaned from cardiopulmonary bypass.

esults

emographic and Perioperative Characteristics
able 1 shows the demographic data of the volunteer and

he patient. The volunteer was younger than the patient
nd except for being a smoker did not show any cardio-

ig 4. Long-axis cardiac magnetic resonance images of a heart from a
nfarction before and after surgical ventricular reconstruction. (Post-O
ascular risk factors. The patient was characterized by
a
v

ats.ctsnetjournalsDownloaded from 
he typical risk profile of patients with ischemic cardio-
yopathy and had a previous myocardial infarction. The

olunteer did not take any regular medication. The
atient was on heart failure medication consistent with

he guidelines. The surgical intervention was uneventful,
nd the patient recovered without complications.
Figure 4 shows representative end-systolic and end-

iastolic CMR long-axis views of the volunteer and of the
atient before and after surgery. The patient’s heart is

arger than the healthy heart, and surgery reduced its
ize. However, the postoperative shape in the patient is
ess spherical (ie, more ball shaped) than before surgery
nd than in the normal heart. Table 2 shows the func-
ional CMR variables. As expected, the volunteer had
ormal ejection fraction and ventricular volume. Surgical
entricular reconstruction reduced ventricular volume by
ne fourth in the patient. The ejection fraction did not
how a relevant increase.

luid Dynamics of the Healthy Human Left Ventricle
igure 5 shows the fluid flow structure in the healthy
eart during one cardiac cycle, both from two-

thy volunteer and a patient with dilated ventricle after myocardial
postoperative; Pre-OP � preoperative.)

able 1. Demographic Characteristics of the Healthy
olunteer and the Patient

haracteristic Volunteer Patient

ge (y) 35 47
ex Male Female
iabetes mellitus II No No
rt HTN No Yes
moker Yes No
istory of MI No Yes
enal insufficiency No No
yperlipidemia No Yes
AD status No disease 3-V disease
itral regurgitation None Trace
edication
Beta-blockers No Yes
ACE inhibitors No Yes
Diuretics No Yes
Statins No Yes
ASA No No
Coumadin No Yes

CE � angiotensin-converting enzyme; Art HTN � arterial hyper-
ension; ASA � acetylsalicylic acid, aspirin; CAD � coronary
heal
rtery disease; MI � myocardial infarction; 3-V disease � three-
essel disease.
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imensional and three-dimensional perspectives as a
esult of the simulation. Starting with the two-
imensional flow structure, which is visualized by
treamlines projected on the long-axis plane, blood is
irected into the ventricle at the beginning of diastole.
wing to high differences in velocity of the inflowing
lood and the blood resting inside the ventricle, a ring
ortex forms behind the annular orifice of the mitral
alve, which then induces a secondary vortex in the
ortic outflow tract. As diastole continues, the ring vortex
ncreases in size while moving in the direction of the
entricular apex. As a result of the cone shape of the
entricle and the inflow direction from the atrium, the ring
ortex expands almost uniformly in the axial direction and
symmetrically in the radial direction. This generates a
lockwise rotation of the flow, which redirects the blood
oward the outlet. Finally, a three-dimensional bifurca-
ion removes blood from the apex of the ventricle. The
ystole then starts with blood passing out of the ventricle
nto the aorta. The three-dimensional perspective in the
ottom row of Figure 5 also shows the ring vortex as a
onsequence of the compensating motion between the
ifferent velocities and its asymmetric expansion. Al-

hough the interpretation of the flow derived from pro-
ected streamlines implies a bifurcation of the ring vortex,
he three-dimensional view shows that the ring vortex leans
osteriorly toward the apex of the ventricle as diastole
ontinues. The anterior aspect of the ring vortex then
ominates the clockwise rotating flow structure in the
entricle, and the posterior vortex washes out the apex.
t the beginning of systole, the secondary vortex in the
ortic outflow tract is washed out followed by the still-
emaining vortices, which are, by this time, very low in
ntensity.

ffect of Postmyocardial Infarction Remodeling and
urgical Ventricular Reconstruction on Left Ventricular
luid Dynamics
igure 6 shows the two-dimensional projection of
treamlines on the long-axis plane of the simulated
earts of the volunteer (first row) and the patient

second and third rows). In the patient, the ventricle
efore surgery shows the same topologic flow structure

able 2. Functional Variables of the Healthy Volunteer and
he Patient Based on Cardiac Magnetic Resonance Imaging

Patient

ariable Volunteer Preoperative Postoperative

eart rate (bpm) 79 66 80
SV (mL) 65 148 106
DV (mL) 166 175 128
V (mL) 101 27 22
F 0.61 0.15 0.18
O (L/min) 7.98 1.78 1.79

O � cardiac output; EDV � end-diastolic volume; EF � ejection
raction; ESV � end-systolic volume; SV � stroke volume.
uring diastole as the healthy ventricle. However, as a fl

ats.ctsnetjournalsDownloaded from 
esult of the aneurysm at the anterior apical aspect of
he ventricle, the scar sags outward. This causes the
ntake vortex to deform asymmetrically and branch in
he middle of the ventricle right after it had been
ormed, leading to flow losses during diastole. The
utflow process is similar to that of the healthy heart.
The flow structure of the blood after surgery is com-

letely different. The removal of the aneurysm caused an
pple-shaped geometry, which significantly affected
ow. The intake jet during diastole is not decelerated
nough by the blood at rest and therefore generates a
tagnation point flow in the apex of the ventricle. Fur-
hermore, the ring vortex no longer expands asymmetri-
ally. This suggests that most of the blood is not redi-
ected toward the outlet, which then causes suboptimal
utflow during systole.
Table 3 shows the fluid dynamic variables of the

olunteer and the patient obtained from the simulation.
is the exchange transfusion that can be calculated from

he model. It represents the remaining fractional blood
olume in the ventricle after a given number of cardiac
ycles n.

M � (1 � EF)n

lthough 67% of the blood in the healthy heart was
eplaced during the first cycle and only 2% of the initial
lood volume remained in the ventricle at the end of the

ourth cycle, the patient showed substantially slower
ashout behavior. In the patient before surgery, 35% of

ig 5. Schematic drawing of blood flow through a healthy heart
uring one cardiac cycle (A), projection of streamlines in the long-
xis plane after fluid dynamic modeling with the Karlsruhe Heart
odel based on data from CMR imaging (B), and three-dimensional
ow interpretation (C).
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he initial blood volume remained in the ventricle after
our cycles. After the surgical procedure, washout was
lightly lower (not significantly different) compared with
efore SVR despite the significant alterations in shape
nd fluid dynamics.

omment

n this study we demonstrate that fluid dynamic mod-
ling of the heart is possible based on CMR data and
nables volume-independent quantitative assessment
f SVR. In the future, preoperative modeling of fluid
ynamics in patients undergoing SVR may help to
ptimize flow characteristics and potentially improve
utcomes.
This is the first analysis of fluid dynamic modeling in

entricles in which the shape is surgically altered. This
nalysis is limited to data sets from two individuals
ecause there are currently no tools available to perform

hese analyses in significant numbers. The transforma-
ion, grid generation, and modeling are based on elabo-
ate, time-consuming steps with the need for customiza-
ion of the process to each data set. The complete analysis
f one data set currently requires approximately 200
orking hours and must be decreased to be applicable in

he clinical setting routinely.
Although limited in the number of data sets, we have

enerated the prospect of providing quantifiable and
eproducible information about left ventricular shape
nd the effect of reconstructive surgery. Based on these
ew data sets, it appears that ball-shaped ventricles have
mpaired fluid dynamics. Previous reports focused on
lobal functional variables such as the ejection fraction or

ig 6. Karlsruhe Heart Model flow simulations in the long-axis view
rom the healthy volunteer (upper row) and from the patient before
middle row) and after surgery (lower row). (Post-OP � postopera-
ive; Pre-Op � preoperative.)
olume [4, 18]. Although all of these variables are impor-
M
t

ats.ctsnetjournalsDownloaded from 
ant and valuable, it is difficult to infer any information
rom them with respect to the influence of shape. Most
escriptions on the impact of shape on function are
xperimental or rely on assumptions that have not been
alidated in human diseased hearts. For example, the
otion that myofiber orientation changes within a re-
ional segment of myocardium (eg, in the basolateral
all) with the development of dilatation in response to

n anterior infarction has never been demonstrated in
ivo [19]. Similarly important, the impact of a reconstruc-
ion procedure on local fiber orientation is also not
nown. These efforts are further complicated by the fact
hat the best clinical results of SVR come from a surgeon
ho is most likely to create the shapes that are consid-

red least favorable (ie, ball shapes) [4]. Our findings of
imilar fluid washout in the ball-shaped ventricle of the
atient after surgery despite changes in ejection fraction,
hape, and fluid dynamics may explain the fact that
atients after SVR are not at greater risk for thrombus

ormation than before. However, the analysis of one
atient only allows us to speculate in this direction. More
nalyses are certainly necessary to answer these
uestions.
Nevertheless, we are presenting a three-dimensional

umeric model of the human heart. The model is based
n clinical magnetic resonance imaging measurements
nd can therefore be used on a patient-specific basis
ithout subjecting the patient to additional diagnostic
rocedures. The field information available from the
imulation could be used to calculate quantities that
annot yet be assessed in vivo, such as shear stresses and
emodynamic losses, and to derive variables that can be
sed to evaluate the function of the ventricle. These
ariables may be used as indicators for the impact of the
urgical procedure on outcome from a fluid mechanical
oint of view, and may therefore help the surgeon to
ecide in the future whether the planned intervention
ill have the desired effect. One of the key points for

uch a method to become routinely established is its
alidation.
We demonstrate here that KaHMo is able to accu-

ately predict flow in a mock model of a left ventricle
Fig 3). In a previous study, the KaHMo had been

able 3. Fluid Dynamic Variables of the Healthy Volunteer
nd the Patient

Patient

ariable Volunteer Preoperative Postoperative

0 0.76 s 0.91 s 0.83 s
cycle (1st) 33% 82% 80%
cycle (2nd) 16% 53% 64%
cycle (3rd) 7% 44% 50%
cycle (4th) 2% 35% 39%

o (sys) 27 21 20
e (sys) 4150 819 765
� exchange transfusion; Re � Reynolds number; sys � sys-
olic; T0 � heart cycle; Wo � Womersley number.
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alidated by an overall comparison between the sim-
lated data and velocity data obtained by additional
ux measurement. It had been shown that the model is
apable of predicting a realistic flow field in the human
entricle. Furthermore, this study showed that the
ntraventricular flow pattern is sensible to a correct
epresentation of the atrial geometry [11]. In the
resent study, the magnetic resonance imaging data
ets of the patient’s heart did not include any atrial
nformation, but a generic vessel was used. The repre-
entation of the valves used in the current study does
ot include a potential effect of the valve leaflets on
ow. Nonetheless, the validation shows no discrepancy in

he valve area. This justifies the assumption that the healthy
itral and tricuspid valve leaflet does indeed orient itself in

he flow and does not steer the flow. However, both
alidation and valve function will have to be included in the
odel under practically relevant conditions for the model

o be used to its maximal potential. In this study, the patient
id not suffer from valvular regurgitation or stenosis, so that

he lack of modeling for valvular regurgitation did not affect
he results.

The presented analysis describes an attractive tool to
ssess the fluid patterns in the heart in patients with
schemic heart disease. It is conceivable for the future to
imulate the optimal shape for each patient before sur-
ery, so that the surgeon knows what shape would be
ptimal for the patient before the procedure is per-
ormed. Although this vision is currently being investi-
ated, the generation of the current fluid models for each
atient is still very cumbersome and time-consuming
nd has to be much improved.
Imaging flow through the ventricle has also been

erformed by magnetic resonance phase-contrast veloc-
ty mapping [20]. This procedure allows the direct visu-
lization of flow without the need to transform the data
or model feeding. Although this method has not been
pplied in patients undergoing surgery, the differences in
ow patterns and flow efficiencies between patients with
ilated cardiomyopathy and normal subjects were simi-

arly impressive. Although the magnetic resonance anal-
sis is not as precise in the illustration of flow patterns, it
as definite strengths in the quantification of energy

osses and efficiency calculations. Time will tell whether
he laborious nature of our simulation can be simplified
nough to withstand this competition.
Irrespective of any competition, our model has not been

eveloped purely for clinical application. Others have de-
cribed mathematical models of the heart. Focus has been
laced on assessing the relation between pump function
nd myofiber mechanics [21, 22] or the development of
lgorithms to describe left ventricular geometry [23]. All of
hese models have the potential to be applicable to clinical
ractice in the future, but none have contributed thus far.
e have recently begun to integrate the influence of

egional function and myofiber orientation into our at-
empts to model the heart and the influence of disease and
ts treatment (unpublished observations, 2008).

In conclusion, we have demonstrated that fluid dynamic

odeling of the heart is possible based on CMR data and

1

ats.ctsnetjournalsDownloaded from 
nables volume-independent quantitative assessment of
VR. In the future, preoperative modeling fluid dynamics

n patients undergoing SVR may help to optimize flow
haracteristics and potentially improve outcomes.
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